Introduction
Nitrogen (N), and mainly nitrate, is one of the main elements regulating marine biological productivity variations in nutrient limited environments such as the low-and mid-latitude oceans (e.g., Hebbeln et al., 2000 Hebbeln et al., , 2002 Mohtadi and Hebbeln, 2004; Sarmiento et al., 2004; Pisias et al., 2006; Romero et al., 2006; Mohtadi et al., 2008; Verleye and Louwye, 2010a; Saavedra-Pellitero et al., 2011) . At present, nitrate is not completely consumed in the Southern Ocean where the uptake is limited by other factors such as light and the absence of micronutrients (mainly iron) (e.g., Mitchell et al., 1991) . This results in a CO 2 efflux from the ocean to the atmosphere. Recent studies indicate that the nutrient load of the Antarctic Circumpolar Current (ACC) during the last glacial maximum was lower than today as a result of a 30% increase in nutrient consumption by phytoplankton in the Southern Ocean (Robinson et al., 2005) , which should have limited the release of CO 2 (e.g., Sigman and Boyle, 2000) . Nitrate is ultimately removed from the marine ecosystem by microbial denitrification which occurs in oxygen-poor sediments and in suboxic (b5 μM O 2 ) water columns of the open-ocean oxygen minimum zones, housed in the eastern (sub)tropical North and South Pacific and the Arabian Sea. Besides the regulation of biological production, nitrate removal in oxygen minimum zones also directly impacts global climate by the reduction of nitrate into the greenhouse gas nitrous oxide (N 2 O), which has a tremendous global warming potential.
During the phytoplankton assimilation and the microbial denitrification, the lighter ( 14 N) isotope preferentially undergoes reaction. As the initial nitrate supply is progressively consumed, the 15 N/ 14 N of the remaining nitrate increases which leads to a related increase in the N isotopic ratio of the organic matter itself. In the Subantarctic Zone, for instance, the nutrients are supplied through northward lateral advection from the Antarctic Zone and are progressively consumed (Altabet and François, 1994; Sigman et al., 1999 ) causing a steep north-south nitrate gradient from~20 μM at the Subantarctic Front to~4 μM at the Subtropical Front (Garcia et al., 2010a) . This equatorward decrease in nitrate availability is accompanied by an increase in the N isotope ratio δ N is a reflection of the isotopic composition of the nitrate delivered to the surface waters.
In this study, we first compare the sedimentary nitrogen isotope record (25-0 cal ka BP) (Martinez et al., 2006) from ODP Site 1233 (41°S; offshore southern Chile) with high-resolution dinoflagellate cyst assemblage data from Verleye and Louwye (2010a) , with additional microfossil records from Mix et al. (2003) and Saavedra-Pellitero et al. (2011 ) in Quaternary Research xxx (2013 order to give a better constrained interpretation of the nutrient source changes off southern Chile since the last glaciation. A comparison with sedimentary nitrogen isotope records from cores located north and south of our study area (GeoB7139-2 (30°S), De Pol-Holz et al., 2006; E11-2 (54°S), Robinson et al., 2005) gives additional insights into the two main water mass end-members feeding the Southern Chile margin.
ODP Site 1233 is located at the southern margin of the South Pacific eastern boundary current, which is one of the world's most productive marine environments (Berger et al., 1987) (Fig. 1a) , and is strongly influenced by both high-and low-latitude biogeochemical processes. The eastern tropical South Pacific houses a large region of water-column denitrification that accounts for approximately 15% of the total N removal from the ocean and distributes 15 N-enriched water toward the south and west in the Pacific (Martinez et al., 2006; Robinson et al., 2007; Kienast et al., 2008; Robinson et al., 2009; Martinez and Robinson, 2010) while less 15 N-enriched surface waters are advected from the Southern Ocean (Fig. 1c) . Martinez et al. (2006) 
Regional setting
Surface circulation in the SE Pacific offshore Chile is dominated by the equatorward flowing Peru-Chile Current, originating between 40°S and 45°S as a northern branch of the ACC (Boltovskoy, 1976; Strub et al., 1998) (Fig. 1a) . North of 35°S, the Peru-Chile Counter Current divides the northward-flowing Peru-Chile Current into a coastal and oceanic branch, which turns off to the west close to the equator to form the South Equatorial Current (Fig. 1a) . The ACC, in turn, is a highnutrient low-chlorophyll area, in which biological productivity is limited by the absence of micronutrients, such as iron (De Baar et al., 1995; Boyd et al., 2000 Boyd et al., , 2001 Hutchins et al., 2001) . The high river discharges associated with hyper-humid conditions of onshore southern Chile result in an increase of iron availability in the coastal surface waters, which in turn increases primary productivity (e.g., Iriarte et al., 2007) . The availability of both macro-and micronutrients elevates productivity offshore southern Chile above that of the upwelling-dominated parts offshore central/north Chile (Hebbeln et al., 2000) .
The ACC is bounded to the north by the Subtropical Front, separating the northern ACC waters (Subantarctic Surface Water; SASW) from the warm, nutrient-depleted Subtropical Surface Water (STSW) (Figs. 1a and b) . Just south of the Subtropical Front, subduction of the less saline and colder SASW (~34 psu) underneath the more saline STSW (34.5 psu) results in the formation of the Eastern South Pacific Intermediate Water, which, when farther north, is characterized as a shallow, thin-salinity minimum layer between the STSW and the Equatorial Subsurface Water (ESSW) (Tsuchiya and Talley, 1998; Schneider et al., 2003) (Fig. 1b) .
The Peru-Chile Current and Eastern South Pacific Intermediate Water are underlain by the oxygen-poor and nutrient-rich GUC (100-300 m water depth), which originates from the eastward-flowing Equatorial Undercurrent (also called the Cromwell Current) (Cromwell, 1953) (Figs. 1a and b) . The GUC transports ESSW from the tropics toward 48°S (Fonseca, 1989) and forms the source for the upwelled waters north of 40°S (Morales et al., 1996) . The GUC currently carries oxygen-poor water bearing nitrate with a high δ 15 N signature poleward (Fig. 1c) . The GUC, in turn, is underlain by the relatively low-saline and oxygen-rich Subantarctic Mode Water and Antarctic Intermediate Water, which are vertically located between 300 and 1200 m water depth (Tsuchiya and Talley, 1996; Strub et al., 1998; Tsuchiya and Talley, 1998) . Into the deep ocean, the Pacific Deep Water is a slow, southward-flowing current between~1200 and~3400 m water depth, which is in the deepest parts underlain by the oxygen-rich northward flowing Antarctic Bottom Water (Ingle et al., 1980; Shaffer et al., 1995; Garcia et al., 2010b) (Fig. 1b) .
Material and methods

ODP Site 1233
The ODP Site 1233 is located 40 km offshore southern Chile (41°0.01′ S, 74°26.99′W) in a small fore-arc basin on the upper continental slope at 838 m water depth (Mix et al., 2003) . Exceptionally high sedimentation rates between 1 and 3 m ka −1 are recorded during the late Quaternary and favor the good preservation of organic-, siliceous-and CaCO 3 -walled microfossils in the marine sediments. The lithology of the studied interval of ODP 1233 is dominated by homogenous olive-brown clayey silts, with a minor amount of well-preserved biogenic components (Mix et al., 2003) . The age model has been previously published by Lamy et al. (2004) , Kaiser et al. (2005) and Lamy et al. (2007) , and is based on 27 14 C Accelerator Mass Spectrometer (AMS) control points on mixed planktonic forminifera samples in the upper 39.5 m (25 cal ka BP), and is converted to calendar years taking into account a reservoir age of 400 years. This age model was also applied to the δ 15 N record of Martinez et al. (2006) , which was initially based on 17 14 C AMS control points and did not include the update of Lamy et al. (2007) .
Microfossils and isotopic analyses
We refer to Mix et al. (2003) (diatoms), Verleye and Louwye (2010a) (dinoflagellate cysts) and Saavedra-Pellitero et al. (2011) (coccolithophores) for the palynological preparation procedures of the phytoplankton groups discussed herein. The potential occurrence of syn-and post-depositional processes redistributing sediments on the seafloor may alter mass accumulation rates of sedimentary components (François et al., 2004) , and made us decide to study microfossils in concentrations g −1 without correcting for sediment accumulation rates.
Specifications about the isotopic analyses of δ 15 N are described in detail by Robinson et al. (2005) , De Pol-Holz et al. (2006) and Martinez et al. (2006) for cores E11-2, GeoB7139-2 and ODP 1233, respectively (Fig. 2) .
Chronology of cores GeoB7139-2 and E11-2
Similar as for core ODP 1233, 14 C AMS dates of core GeoB7139-2 were measured on tests of mixed planktonic foraminifera and corrected for a mean ocean reservoir age of 400 years (Mohtadi and Hebbeln, 2004 ). The age model for core El1-2 was derived by Ninnemann and Charles (1997) , through correlation of the δ
18
O stratigraphy (N. pachyderma) to that of the well-dated, high-resolution core RC11-83.
Results and discussion
Nitrate source switching offshore of southern Chile N offshore of southern Chile (41°S) essentially reflects the isotopic composition of the nitrate delivered to the region (Martinez et al., 2006) (Fig. 2) . Both the high sedimentation rate and the good preservation of organic matter on margins imply that sedimentary δ 15 N accurately records the δ 15 N of sinking organic matter . According to Martinez et al. (2006) , an amalgam of high-and lowlatitude processes influences the late Quaternary ODP 1233 δ 15 N record (Fig. 2) . Martinez et al. (2006) proposed that advected nitrates originating from the denitrification zones in offshore Peru and central/northern Chile dominate the δ 15 N record for the period between 19 and 10 cal ka BP, 
The last glaciation
The last glaciation is characterized by high relative abundances (70-85%) of Brigantedinium spp. (Fig. 3c) . This dinoflagellate cyst species presently shows a gradual increase in relative abundances in a southward direction across the Subantarctic Zone (Esper and Zonneveld, 2002) . This points to a more equatorward position of the ACC during the last glacial maximum. The sedimentary δ 15 N signature is consistent with this interpretation and points to a cross-frontal northward advection of SASW toward Site 1233, meaning that productivity was fuelled primarily by nutrients advected from the Southern Ocean (Fig. 3a) . The poleward undercurrents, such as the GUC, are suggested to be weaker during the last glaciation (Kienast et al., 2002) and possibly limited a subsurface southward transport of lower δ 15 N waters as far as 41°S. Furthermore, the onshore blowing westerly winds prevented upwelling at Site 1233 during the last glaciation, which would hinder the upward transport of GUC water into the photic zone (Verleye and Louwye, 2010a; Verleye et al., 2011 N-ratio at core site E11-2 recorded between 22.1 and 19.6 cal ka BP (Fig. 2) . This increase corresponds with the first decrease in relative abundances of Brigantedinium spp. at 21.4 cal ka BP, as recorded offshore of Chile at 41°S (Fig. 3c) . A decrease in relative abundances of this species has been interpreted as a poleward shift of the ACC and its related circumpolar frontal systems (Verleye and Louwye, 2010a) , consistent with the inference based on the N isotopes that the nutrients overlying the site are still primarily advected from the Southern Ocean.
Deglaciation (phase 1) and the ACR
An accelerated increase of δ 15 N values at Site 1233 occurred just after 18.7 cal ka BP, corresponding well with the accelerated decrease in Brigantedinium spp. at 18.6 cal ka BP (Figs. 3a and c) . The decrease in Brigantedinium spp. is consistent with the inferred poleward shift of the ACC (e.g., Lamy et al., 2004; Kaiser et al., 2005; Verleye and Louwye, 2010a) . Such a shift implies that Site 1233 will be oceanographically relocated toward the northernmost zone of the Subantarctic Zone. The increase in δ Robinson et al., 2007 [36°S] ; Mohtadi et al., 2008 [36°S] ), started much later than at Site 1233:~17 cal ka BP, or~1.7 ka later compared to the accelerated increase at Site 1233 (Fig. 2) , implying that the increase was not transmitted by the GUC. Instead, the increase in δ 15 N is likely related to Site 1233's position along the nitrate gradient in the Subantarctic. Despite the overall decrease in consumption in the E11-2 record, the Chile margin was being bathed in waters bearing a high δ 15 N signal due to enhanced drawdown in the overlying waters related to the shift in the site's position relative to the overlying nitrate field (Robinson et al., 2005) . The surface waters were still primarily sourced from the Southern Ocean at this time.
The δ 15 N increase at Site 1233 lasts until 17.2 cal ka BP. We assume that the δ 15 N increase until 17.2 cal ka BP is primarily controlled by Southern Ocean dynamics, which agrees with the high abundances of Brigantedinium spp. (Fig. 3c) , and puts the Subtropical Front north of 41°S. The fairly constant and high numbers of heterotrophs (95%) point to a direct and undisturbed influence of SASW at Site 1233 until at least 15.7 cal ka BP (Fig. 3b) . The sharp δ 15 N increase of 6‰ as observed between 17 and 16 cal ka BP in the northern cores (30°S; 36°S), ascribed to an intensification and southward propagation of the oxygen minimum zone offshore central Chile (De Pol-Holz et al., 2006 Mohtadi et al., 2008) , is not observed at Site 1233. This indicates that if isotopically enriched nitrate was carried southward by the GUC, it was not upwelled, assimilated, and converted to organic N by phytoplankton in significant amounts (Figs. 2 and 3a) . This is supported by the low relative abundances of upwelling-associated dinoflagellate cysts, i.e. Echinidinium aculeatum (Fig. 3d) .
During the ACR period, the latitudinal shifts of the Subtropical Front are likely restricted to the area around 41°S (Verleye and Louwye, (Verleye and Louwye, 2010a) ; (e) high resolution iron contents and iron contents at the respective depths of dinoflagellate cyst analyses (cps) of GeoB3313-1 (= Site 1233) (Lamy et al., 2001 ); (f) absolute and relative abundances of Operculodinium centrocarpum (Verleye and Louwye, 2010a). 2010a). This is based on the very high absolute and relative abundances of Operculodinium centrocarpum, an autotrophic dinoflagellate cyst species often observed in the vicinity of the Subtropical Front (in the southern part of the Subtropical Zone) (Marret et al., 2001; Esper and Zonneveld, 2002) (Fig. 3f) . This species may adapt better to changing conditions than other dinoflagellate cysts and is able to cope with extreme seasonality (e.g., Dale, 1983) . The ACR period has therefore been interpreted as being unstable likely associated with the vicinity of the Subtropical Front (Verleye and Louwye, 2010a) , in which other nanoplankton such as diatoms and coccolithophores seem unable to thrive in large quantities as supported by their low concentrations (Fig. 4) . This allows O. centrocarpum to take up the remaining nutrients and to bloom (Fig. 3f) . A fast southward migration of the westerlies during the first phase of the deglaciation toward 41°S was also suggested by McCulloch et al. (2000) , who assumed that they reached a position similar as today around 14.3 cal ka BP.
The δ 15 N record shows a prominent decline during the ACR period, similar to the observed changes in the north (GeoB7139-2; de Pol-Holz et al., 2006) (Fig. 2) . The lower δ 15 N values at 41°S are therefore more likely transported from the north and supplied into the surface by deep mixing ascribed to the westerlies. The westerlies were probably more intensely associated with a steep latitudinal SST gradient due to a more intense Hadley Cell activity (Thompson et al., 1998) and an extension of the Antarctic sea ice (Bianchi and Gersonde, 2004; Naish et al., 2009 ). An intensification of the westerly wind belt is also supported by Bertrand et al. (2008) , who observed a particular wet phase at Lago Puyehue (40°S) between 15 and 13 cal ka BP. However, it should be noted that there is still uncertainty about the oceanographic and the atmospheric responses at 41°S with respect to the ACR period.
Deglaciation (phase 2) and the Holocene
The second phase of the deglaciation and the Holocene climatic optimum (13-9.8 cal ka BP) is characterized by a southward expansion or an intensification of suboxia and denitrification in the SE Pacific (De Pol-Holz et al., 2006; Robinson et al., 2007; Mohtadi et al., 2008) (Fig. 2) , a signal that is laterally advected to the south at subsurface depth and recorded up to 41°S (Fig. 2) . This time interval is characterized by an increase (up to 4%) of the dinoflagellate cyst E. aculeatum (Fig. 2) . A core-top study in the SE Pacific demonstrated that this species is related to highly productive regions and/or upwelling regions, while relative abundances from 3% to 9% were exclusively observed in active upwelling cells (Verleye and Louwye, 2010b) . The occurrence of upwelling between 13 and 9.8 cal ka BP is also supported by an increase in the abundances of the coccolithophore Gephyrocapsa oceanica as demonstrated by Saavedra-Pellitero et al. (2011) . A farther southward shift of the ACC and associated westerly wind belt thus allowed upwelling at 41°S during the austral summer and enabled the assimilation of GUC 15 N-enriched nitrate (Fig. 2) . A fast drop in δ 15 N at 41°S compared to the record at 30°S occurred between 9.8 and 7 cal ka BP and might be caused by an equatorward shift of the ACC, according to the dinocyst record (Figs. 2, 3c, d and f) . This increases the advection of isotopically lower surface waters originating from the Subantarctic Zone where nutrient utilization was low compared to the last glacial maximum (Robinson et al., 2005) . Higher relative abundances of O. centrocarpum also support a northward shift of the Subtropical Front toward 41°S (Fig. 3f) . Decreasing relative abundances of E. aculeatum suggest that upwelling was prevented during this time period and obstructed the upward transport of the isotopically enriched poleward-flowing ESSW (GUC) (Fig. 2) . Upwelling may have been hindered by an intensification of the onshore blowing westerlies ascribed to a steepening of the meridional SST gradients. The latter results from an increase in sea-ice extension from~9 cal ka BP onwards (Bianchi et al., 2004) , contemporaneous with the dominance of La Niña-like conditions (until 7 cal ka BP) (Moy et al., 2002) , which strengthen the SE Pacific anticyclone. The δ
15
N record differs considerably between ODP 1233 and GeoB7139-2 after 7 cal ka BP (Fig. 2) . The diverging trends between both records toward the late Holocene suggest a dominant influence from the Southern Ocean on Site 1233. Overall, the lower N isotope ratio during the Holocene, when compared to the last glacial maximum, is similar to the record at E11-2 (Fig. 2) . The recorded isotope values in sedimentary organic matter during the mid-to early Holocene seem, however, also to be partially controlled by the subtropical SE Pacific, superimposed on the Southern Ocean influences. During the last 7 ka, E. aculeatum fluctuates between 0.5% and 2.5%, with highest relative abundances during periods of lower rainfall, as indicated by the GeoB3313-1 (= Site 1233) iron record of Lamy et al. (2001) (Figs. 3d  and e) . Those periods are characterized by a weakening or a more southward position of the northern margin of the westerlies, and may thus enable seasonal upwelling at 41°S as indicated by E. aculeatum.
A strong relative increase of Brigantedinium spp. from~30% to~60% (Fig. 3c) and a contemporaneous decrease of Echinidinium spp. from 50% to~24% (Verleye and Louwye, 2010a) during the last 1 ka point to an increasing influence of the SASW and an absence of upwelling during this time period. The decrease in δ 15 N during the last 2 ka is consistent with an accelerated northward shift of the ACC and is in agreement with the findings of Mohtadi et al. (2007) (Fig. 3a) .
Conclusions
The knowledge of past oceanographic changes as derived from microfossils has proven to contribute significantly to the detailed reinterpretation of the ODP Site 1233 sedimentary δ 15 N record, and enabled a more precise timing of the periods characterized by different oceanographic conditions. It has been demonstrated that both the SASW and the GUC are a potential source for the recorded sedimentary δ 15 N signatures at Site 1233 during the last 25 ka, with variable contributions of both sources during different time periods. Changes in the source of nitrates are related to regional/local oceanographic changes which in turn are controlled by latitudinal shifts of the ACC and the southern westerly wind belt. The combination of geochemical and microfossil data demonstrated that the SASW forms the dominant source during the last glacial maximum, the first phase of the deglaciation until at least 15.7 cal ka BP, and the Holocene (9.8 cal ka BP to present). Periodical seasonal upwelling during the Holocene dry periods, however, resulted in an increase in the contribution of ESSW as demonstrated by this study. The multiproxy approach demonstrated that the latter was the main nutrient source during the upwelling-dominated periods, i.e., the last phase of the deglaciation and the Holocene climatic optimum (13-9.8 cal ka BP). The isotopically heavy nitrates from the ESSW could possibly be transported upwards during the ACR period by deep mixing, ascribed to an intensification of the westerlies.
